The induction of graft tolerance remains the holy grail of transplantation. This is important as chronic allograft dysfunction and the side effects of immunosuppression regimens place a major burden on the lives of transplant patients and their healthcare systems. This has mandated the need to understand the immunobiology of graft rejection and identify novel therapeutics. Regulatory T (Treg) cells play an important role in modulating proinflammatory microenvironments and maintaining tissue homeostasis. However, there are fundamental unanswered questions regarding Treg cell immunobiology. These cells are a heterogeneous entity with functionally diverse roles. Moreover, the adoption of novel deeper immunophenotyping and genomic sequencing technologies has identified this phenotype and function to be more complex than expected. Hence, a comprehensive understanding of Treg cell heterogeneity is needed to safely and effectively exploit their therapeutic potential. From a clinical perspective, the recent decade has seen different clinical teams commence and complete first-in-man clinical trials utilising Treg cells as an adoptive cellular therapy. In this review, we discuss these trials from a translational perspective with an important focus on safety. Finally, we identify crucial knowledge gaps for future study.
INTRODUCTION
The achievement of graft tolerance remains the holy grail of transplantation. This is clinically driven by the need to prevent chronic allograft dysfunction and minimise the long-term side effects of immunosuppression. 1 In this regard, the increased presence of regulatory T cells (Treg cells) within the peripheral circulation and graft microenvironment has been identified as being important in inducing graft tolerance. [2] [3] [4] These cells are a part of the adaptive immune system and are considered to have key roles in immunosuppression and homeostasis in different disease settings. 5, 6 Regulatory T cells in the peripheral circulation are characterised as CD4
+ with high levels of IL-2 receptor alpha chain (CD25 high ) and low levels of CD127 and intracellularly, expressing the forkhead box P3 transcription factor (FOXP3 + ). 5, 6 However, the adoption of novel deeper immunophenotyping technologies has identified this phenotype to be more heterogeneous than initially considered. [6] [7] [8] [9] ( Figure 1 ) These data differ depending on the species, type of Treg cells, differentiation state and microenvironment. 6, [10] [11] [12] Hence, a comprehensive understanding of Treg cell heterogeneity is needed to safely and effectively exploit their therapeutic potential. As such, we consider it timely in this review to outline established and novel data regarding Treg heterogeneity and discuss future lines of inquiry.
In solid organ and bone marrow transplantation (SOT and BMT, respectively), Treg cells have been identified as modulators of both T-cell-mediated and antibody-mediated rejection. 13, 14 However, our understanding of the underlying mechanisms is complicated as effector T cells (Teffs) can adopt the Treg-like phenotype and functions. In reverse, Treg cells can alter their phenotype and functions to adopt a Th17-like effector cell profile too. It is important to understand these alterations as they can impact the regulatory balance in the graft. 15 A further limitation is that much of our understanding to date originates from in vitro experiments and in vivo murine (or non-human primate; NHP or swine) models. [16] [17] [18] It is only in recent years through clinical trials can the in vivo relevance of these mechanisms to humans undergoing SOT be deciphered. These trials mainly involve ex vivo expansion of autologous Treg cells under Good Manufacturing Practice (GMP) conditions utilising various pharmacological agents that promote their differentiation, expansion, stability and function. 19 Considering this recent progress, we consider it timely to outline the recent clinical trials in SOT with a focus on safety.
HETEROGENEITY OF TREG CELLS Treg classification
Polyclonal murine and human Treg cells have been classically classified into three groups: thymic Treg (tTreg), peripheral Treg (pTreg) and induced Treg (iTreg) cells. 10, 12, 20 Several authors controversially differentiate between tTreg cells and pTreg cells by the higher expression levels of Helios and Neuropilin-1 (Nrp-1) on tTreg cells. 12 Helios is a redundant transcription factor part of the Ikaros family in Treg cells whereas Nrp-1 is a receptor for class III semaphorins, modulates Treg interactions with dendritic cells, 10, 21 attenuates inflammatory colitis and promotes antitumor immunity. 12, 22 However, Helios/Nrp-1 on their own cannot categorise tTregs and pTreg cells in humans. 23, 24 A further way of identifying Treg cells is by classifying all CD4 + T cells on the basis of CD45RA Figure 2 ). This was matched by their cytokine release profile as, although both Th1-like and Th17-like Treg cells produced IL-10, each subset, respectively, produced IFN-c and IL-17 only. Interestingly, their Th2-like and Th22-like counterparts did not produce any IL-10 or IL-4 or IL-22, and the lack of the latter two would be consistent with the antiinflammatory function of Treg cells. These findings are important for two key reasons: (1) homing potential and (2) like-for-like interaction. In terms of homing potential, the ability to isolate, modulate and infuse Treg cells with specific chemokine markers would optimise their ability to home towards specific sites of alloreactive cell contact (e.g. allograft, lymph nodes). 27, 28 In terms of like-for-like interaction, the selection of similar Th-subtype Treg cells could optimise their potential to modulate similar Thsubtype effector responses. 28, 29 In parallel with the above classifications, other authors have adopted similar approaches to investigate Treg cell subpopulations using markers  such  as CD161,  CD45RO,  CD39, CD49d,  programmed death-1, T-cell immunoreceptor with  Ig and ITIM domain (TIGIT), and T-cell  immunoglobulin and mucin domain 3 (TIM-3) to elucidate subpopulation-level heterogeneity. 9, [30] [31] [32] [33] [34] ( Figure 2 ) Establishing mechanistically relevant links between these subpopulations, their markers and FOXP3 (or other transcription factors) is further complicated by the fact that non-FOXP3-expressing T cells can be induced or genetically modified to express FOXP3 and adopt Treg-like functions too. [35] [36] [37] [38] This is important clinically as increased FOXP3 transcripts and Treg cells have been identified in patients developing operational tolerance or reduced rejection after SOT. 39, 40 Putting all this together, there is a need to delineate Treg heterogeneity using novel immunophenotyping approaches.
Understanding Treg biology via novel technologies
The adoption of novel technologies such as cytometry by time of flight and single-cell RNA sequencing (scRNAseq) has uncovered further Treg heterogeneity. 7, 8, [41] [42] [43] In one study investigating Treg cells (CD4
) from peripheral blood, 22 novel subpopulations were identified using a range of markers such as HLA-DR, CD62L, CD27 and ICOS (in addition to the markers discussed above). 41 This has been studied further by other teams in a range of transplant-related (renal/liver) and non-transplant-related settings, respectively. 7, [42] [43] [44] In 
CD127
lo expression (e.g. LITTMUS/TASK trials). Although FOXP3 expression may form part of the product release criteria, it is uncertain as to how stable FOXP3 expression will be in vivo and which other transcription factors may be necessary to maintain in vivo Treg function.
How important is FOXP3 expression in Treg cells?
In spite of the adoption of novel approaches, the common theme through all immunomonitoring studies is the use of FOXP3 as a reliable signature of Treg lineage. 10, 20, 35 This is a consistent finding based on data demonstrating that either genetic or pharmacological induction or inhibition of FOXP3 (in humans and mice) led to critical alterations in the function of the manipulated cell -no matter whether this was initially a bona fide Treg or an Teff. 35 However, although the Treg signature is defined mostly in the thymus, 46 this begs the questions: what contributes to the remainder of the tTreg transcriptomic signature and how are both tTreg transcriptomic signature and function maintained in the graft/lymphoidal microenvironment? (Figure 3 ) This is important as FOXP3 expression alone is insufficient to maintain a stable Treg transcriptomic signature and function.
47
FOXP3 interacts with numerous transcription factors such as nuclear factor of activated T cells, activator protein-1 and forkhead box amongst others. [48] [49] [50] These complexes bind to the conserved noncoding sequences (CNS1-3) on the FOXP3 locus to promote particular transcripts such as il2ra and ctla4 indicative of the 'Treg program' 35, 47, 51 ( Figure 3 ). This locus of interest has been further expanded because of the discovery of the CNS0 region and recent work on super-enhancers. 52 This was mainly based on Satb1 (chromatin-organising protein), whose deficiency was linked to suboptimal Treg-specific super-enhancer activation and thereby negatively altered the initial development of tTregs. 52 Taking all these data into account, the focus on FOXP3 is likely rather reductionist as experiments involving transfection of FOXP3 in na€ ıve T cells have demonstrated that only a portion of the bona fide Treg signature was induced (e.g. ctla4, il2ra, nrp1, tnfrsf18). 46,53 Some of these genes are FOXP3-dependent and some not. 53, 54 They can also be influenced by TCR-, IL-2-and TGF-b-based signalling cascades. 46 ( Figure 3 ) These data indicate that the overall Treg signature is a complex interplay between FOXP3 coregulatory genes, regulators upstream of FOXP3 and parallel pathways (TCR, IL-2, TGF-b). 46 This may explain why FOXP3
À Treg cells continue expressing mainly
Treg-like transcriptional signatures in spite of the lack of FOXP3 as there could be underlying additional mechanisms either intrinsic to Treg cells or the microenvironment. From a transplant perspective, it is important to understand how these regulatory elements can mechanistically influence Treg cell and effector T-cell function in the graft/lymphoidal tissue. One of the mechanisms in promoting FOXP3 expression may involve epigenetic regulation. 51, 55 Stable FOXP3 expression is dependent on FOXP3 protein and histones acetylation and the ability of FOXP3 and its coregulatory transcription factors to bind to the TSDR -found on CNS2 of the FOXP3 locus. 51, 56 ( Figure 3 ) This region is partially demethylated in iTreg cells (thus potentially explaining their instability) and fully methylated in Teffs. 10, 12, 20 However, although the continual demethylation status may be necessary to maintain FOXP3 expression, the function of Treg cells is in parallel also dependent on CpG demethylated patterns on other genes such as il2ra, ikzf4 and ctla4 amongst others. 47 These patterns are optimally modulated in the periphery, which suggests that recently emigrated tTreg cells still need to maturate -again because of a pre-set Treg-intrinsic program or tissuespecific immunoregulation. Unsurprisingly, the loss of demethylated patterns and FOXP3 expression negatively impacts on Treg function. 57 Considering the role of FOXP3, its stability and expression is a key aspect during the manufacturing of the Treg cell product. FOXP3 expression can be maintained by utilising DNA methyltransferase inhibitors (DNMT; azacytidine) and histone deacetylase inhibitors (HDAC; voronistat) during ex vivo Treg expansion. 26 DNMT inhibition aims to maintain the demethylated patterns as discussed above whereas HDAC inhibition aims to maintain the acetylation status of histones and perhaps of FOXP3 and thereby optimise its expression. 26, 58 Using both DNMT and HDAC inhibitors (azacytidine and voronistat), Treg function was enhanced in vitro and in vivo within a xeno-graftversus-host-disease (xeno-GvHD) model. 26 Azacytidine targets the 10-11 translocation enzyme (TET) family (specifically TET2/3) to optimise the stability of FOXP3 expression. 59, 60 The importance of this approach was also illustrated by Tao et al., 58 who induced tolerance to cardiac and islet allografts in murine models through administering a combination of rapamycin and a pan-HDAC inhibitor (trichostatin-A). However, these data involved pan-inhibition of their relevant enzymes and so did not reflect the effects of modulating their numerous isoforms. This is important as divergence in the inhibition of different isoforms and their effects on Treg function is known. 61, 62 The authors also used an HDAC9 KO murine model to demonstrate a boost to the quantity of Treg cells and their function. Similar effects have also been demonstrated in the studies focussing on inhibition of HDAC3/10/11 either pharmacologically or via enzyme KO or Tregspecific enzyme KO. [63] [64] [65] Putting this together, although these studies aim to elicit the effects of targeted enzyme isoform modulation, it is just as important to delineate the mechanisms underlying interactions between these isoforms and FOXP3 (or other transcription factors) and how this influences Treg phenotype/function. 64 The specificity of any epigenetic modulation is important to ensure that only the intended effect on Treg phenotype/function is achieved and any off-target effect is minimised.
RATIONALE FOR CLINICAL TRIALS
In spite of the pre-clinical interest in delineating the cross-talk between FOXP3 and Treg cell immunosuppressive function, it is possible to incorporate FOXP3 measurements as part of GMPexpansion protocols and use these as surrogate indicators of Treg cell product quality and potency. 66, 67 This is important as Treg cell therapy in transplantation could more accurately target the anti-rejection response whilst having minimal off-target effects and chronic allograft toxicity. This is of major interest to our patients who currently adhere to differing long-term immunosuppression regimens to prevent graft rejection.
These decisions regarding immunosuppression have been made in consideration of the harmful consequences of long-term drug toxicity as well as aiming to maintain a functional immune system against pathogens/tumors. In addition, our transplant patients are often multi-morbid so it is important to ensure that any transplant-related pharmacotherapy does not interfere with other drugs or impact on their quality of life. 68 Hence, the successful translation of Treg cell therapy could benefit our patients in many ways.
CLINICAL TRIALS: TODAY AND TOMORROW
The recent decade has seen the delivery of first-inman clinical trials of Treg cellular therapies for a range of transplant-related and non-transplantrelated indications. 66, 69, 70 Although these trials have focussed on safety, a core theme across all is the heterogeneity in GMP protocols with regard to cell isolation, manipulation, expansion, dosing, specificity and post-administration cell tracking. Whilst some consensus towards standardisation was developed in the multi-centre ONE Study consortium 71 (Treg cells cellular therapy in kidney transplantation), the reality is that the novelty of Treg cells mandates numerous in-human studies focussing on optimisation and standardisation of GMP conditions. In Table 1 , we outline these current trials involving Treg cells cellular therapy in SOT and BMT.
Liver
The first published trial using these cells in SOT was by Todo et al. 70 from Hokkaido (Japan), who generated a donor-specific cell product with a view to tolerance induction after liver transplantation. Ten patients with end-stage liver disease received a graft from a living donor. The recipients also underwent a splenectomy on the day of transplant and were subsequently on 1 month of mycophenolate (MMF) and long-term tacrolimus/cyclosporine. They were weaned off from 6 months onwards if graft function was stable and all immunosuppression was withdrawn at 18 months. Before the transplant, the team collected 4-5 9 10 9 cells each from the donor and recipient. The recipient and irradiated donor cells were co-cultured with antagonist anti-CD80/86 antibodies for 2 weeks. After 2 weeks, the remaining cells had to be more than 80% viable with > 1 9 10 6 /kg being CD4 + CD25 + FOXP3 + to be eligible for recipient administration on post- It is important to contextualise this weaning period with regard to other published data. In this study, weaning started at 6 months posttransplant and, thus, took place over the next 12 months. In another adult cohort undergoing a liver transplant, 77 patients underwent immunosuppression weaning over 15 months. 72 Ten of them successfully remained off immunosuppression for 1 year without clinical evidence of rejection and nine continued as such for 2 years altogether. In comparison, in another adult cohort, 102 patients who were already at least 3 years post-liver transplant were weaned off immunosuppression over 6-9 months. 73 The 33 patients who successfully remained off immunosuppression for 1 year after withdrawal had been on immunosuppressants for longer, avoided receiving calcineurin inhibitors and were older. A further study involving 20 paediatric liver transplant recipients was able to successfully withdraw immunosuppression in 12 patients over a period of at least 9 months. 74 These 12 patients remained off immunosuppression for on average 3 years (median 35.7 months). All these data indicate that the weaning period employed by Todo et al. 70 is not in an unfamiliar range to that employed by other studies. Most importantly, we must emphasise that there is a lack of a robust evidence base regarding optimum weaning times for patients on immunosuppression regimens. This is being complicated further by Treg-based cellular therapies.
Five patients demonstrated in vitro donorspecific nonresponsiveness and two were hyporesponsive, thus implying a degree of donorantigen specificity of their co-cultured cell product. However, from a mechanistic perspective, not only did the co-cultured cells inhibit donorspecific responses, but at more concentrated doses, third-party tolerogenic responses were also elicited during mixed lymphocyte reaction experiments. It is also important to note that the specific role of Treg cells in mediating the reported hypo-or nonresponsiveness cannot be concluded as patients received an infusion containing all cultured cells rather than Treg cells only. Hence, the possibility of other mechanisms such as indirect Treg-based immunoregulation (e.g. via regulatory dendritic cells or macrophages) or multi-cellular immunoregulation (e.g. anergy induction, infectious tolerance, bystander suppression) cannot be excluded. [75] [76] [77] Nevertheless, these data suggest this co-cultured cell product was more potent towards donorspecific antigens than third-party cells. The underlying mechanisms of operational tolerance induced by this cell therapy are yet undiscovered.
It is noteworthy that the three patients who developed acute cellular rejection during the immunosuppression weaning process all underwent transplantation for autoimmune liver disease.
This could imply that the immunoregulatory threshold for these patients is much higher, and thus, achieving long-term control of effector responses could be more challenging.
Overall, this study has demonstrated the feasibility of their approach in producing a potent anti-donor cellular product with the potential for tolerance induction. The long-term outcomes of this study are awaited.
Trials in progress
In contrast to the study above, other transplant centres have focussed on manufacturing a 'purer' Treg cell product with/without alloantigen specificity instead (See Table 1 ). This line of research is based on data demonstrating that donor-reactive Treg cells better suppress the alloreactive effector T-cell response than polyclonal Treg cells. 78 It is important to elucidate and exploit this mechanism in humans as the extent of product purity and alloantigen specificity could have implications for therapeutic potency and infused cell numbers. [79] [80] [81] The teams from Nanjing (China) and Kings College Hospital (United Kingdom) are focussing on polyclonal Treg cells in their trials (NCT01624077 and NCT02166177). In comparison, one arm of the LITTMUS trial (NCT03577431, NCT03654040) at Massachusetts General Hospital (MGH) will infuse alloantigen-specific Treg cells (CD4
with exposure to costimulatory blockade at doses of 2.5-500 9 10 6 cells. Whereas, the second arm of the LITTMUS trial at University of California, San Francisco (UCSF), will infuse alloantigen-specific Treg cells (CD4 + CD25 + CD127 lo ) without exposure to costimulatory blockade at doses of 100-500 9 10 6 cells instead. In comparison, two other trials from UCSF (ARTEMIS and dELTA trials) are also producing donor alloantigen-specific Treg cells; however, their Treg cells will be administered in patients who are 2-6 years or 12 weeks post-transplant, respectively. By comparing these latter two trials, one could generate critical hypotheses regarding the optimal time points for Treg infusion. All these data collectively would also improve our current understanding of post-transplant immunoregulatory and tolerance induction mechanisms.
Kidney
In parallel, similarly, novel work has also been undertaken by multiple centres globally in kidney transplantation. A key advantage of the kidney is that there is a larger scope logistically for living donors, which provides continuous access to fresh donor antigens and, thus, donor-specific Treg cells. 66 
TRACT trial
The TRACT trial from Northwestern University (Chicago, USA) utilised ex vivo expanded polyclonal Treg cells infused in a dose-escalation manner (500-5000 9 10 6 cells) into nine patients who had received renal allografts from living donors. 66 Patients received alemtuzumab on the day of transplant and post-operative day 2 and were maintained on MMF and tacrolimus (switched to sirolimus on day 30). The Treg cells were subsequently infused on day 60. There were no cases of opportunistic infections resulting from cytomegalovirus or polyoma virus nor any cases of rejection for the 2 years reported.
Their Treg cells were isolated using the CliniMACS system and expanded ex vivo for 3 weeks using agonist anti-CD3/anti-CD28 beads, IL-2, transforming growth factor-beta (TGF-b) and sirolimus. The product purity was > 98% CD4 +
CD25
+ and > 80% FOXP3 + with similarly high demethylation status (although not 100%). These latter facts are important as demethylation is crucial for Treg cell stability, and an incompletely demethylated FOXP3 gene can lead to the conversion of Treg cells into effector cells. 10, 35, 46, 51 However, as the demethylation status of Treg cells in this trial was high, one would expect their efficiency close to those of bona fide Treg cells. This is based on our discussion earlier regarding Treg subpopulations of which the naive Fr I and activated Fr II subpopulations have been shown to be 85-100% demethylated. 6 Other mechanistic experiments in this trial also focussed on the expression of Treg cells markers of function (CTLA4, CD62L), homing (CXCR4) and differentiation status (CD45RO). All functional markers were significantly increased postexpansion, and more than 80% of CD4 + cells were CD45RO + , thus indicating their Treg cells were matured at the end of the expansion period. All these data are further enhanced by the data from in vitro suppression assays confirming superior Treg suppressive capacity at the end of the expansion period. Putting all these together, this trial reported no cases of opportunistic infections or rejection after the infusion of polyclonal Treg cells in patients undergoing de novo kidney transplantation. The next step will be to demonstrate the in vivo survival and function of these Treg cells.
TASK trial
In comparison, the preliminary TASK trial from UCSF focussed on utilising polyclonal Treg cells to modulate subclinical inflammation in the renal allograft. 69 This is an important study question as subclinical inflammation because of its chronic low-grade nature is not promptly diagnosed and can facilitate delayed allograft dysfunction. The authors recruited three patients who demonstrated such inflammation (Banff i-and t-< 2) 82 on their 6 months post-transplant biopsy. Patients were already on MMF, tacrolimus and prednisolone when they had their Treg cells acquired. Importantly, from a safety perspective, the authors reported no SAEs as a direct result of their Treg product and there were no reported infections or graft dysfunction during the 1-year follow-up period. The patients received ex vivo expanded autologous Treg cells at an average dose of 320 9 10 6 cells. These cells were isolated as CD4 + CD25 + CD127 lo via flow-activated cell sorting (FACS). They were expanded for 14 days using anti-CD3/anti-CD28 activation beads, IL-2 and deuterated glucose. Their expanded Treg cells were > 97% CD4 + and > 93% FOXP3 + with extremely low percentage (< 0.37%) of contaminating CD8
+ cells. It is already clear that there are numerous differences between this trial and the TRACT trial above in regard to pathology, Treg dosing, isolation and expansion protocols. 66, 69 A novel development in this trial was the use of deuterated glucose to facilitate in vivo infused Treg tracking. This approach was previously used by the group in a Treg cell therapy trial in type 1 diabetes. 83 However, a critical limitation from the current trial was that the deuterated signal was undetectable by 3 months -compared to being detectable over 12 months in their previous trial. This negates the long-term use of this technique. There were no reported data identifying these Treg cells at the 2 weeks and 6 months post-infusion renal biopsies. Therefore, it is unclear whether their deuterated Treg cells' product was able to migrate into the graft. This is supplemented by the fact that no patient demonstrated an increase in FOXP3
+ % expression in the renal biopsy at 2 weeks post-infusion and only 1 did so at 6 months. Moreover, although this technique facilitates short-term tracking, it does not provide knowledge regarding in vivo Treg function. All in all, no SAEs occurred after the infusion of FACSisolated and polyclonally expanded deuterated Treg cells in the context of kidney transplantation. This work is being built upon currently through the TASK trial (NCT02711826), which will compare the efficacy of polyclonal and alloantigen-specific Treg cells.
Trials in progress
The ONE Study consortium aimed to assess the feasibility and safety of novel cellular therapies in kidney transplantation. 84 A key aspect of this consortium was that different centres adopted a common immunosuppression protocol (tacrolimus, mycophenolate and 3 months of steroids) with the critical difference being the type of cell therapy product utilised. The centres at Charit e (Germany), Oxford & Kings College London (UK), UCSF and MGH (USA) focussed on developing different forms of Treg cell therapies (See Table 1 ). The process of conducting this study also highlighted the novel opportunities and challenges associated with manufacturing and monitoring the use of these different cell therapies. These include aspects such as getting regulatory authority approvals, setting up a GMP facility, patient recruitment, immunomonitoring and analysing large-scale datasets. Although these trials were not powered to test efficacy, it is noteworthy that the 12 patients treated in the UK with polyclonal Treg cells did not experience acute rejection as per biopsy. 84 The recent study reports also suggest that patients were able to reduce their immunosuppression and, most importantly, that 'cell therapy. . .is safe'. 84 We await the publication of these datasets. Initial immunomonitoring analysis was presented at the recent American Transplant Congress 2019. 85 All of these data will be crucial in enhancing our early understanding of Treg-based cell therapy in clinical kidney transplantation. A positive advance already is that the Oxford group is undertaking the Phase II stage (TWO Study), which will aim to test the efficacy of Treg cells in preventing graft rejection. 86 The results of this trial and those of other centres are awaited with great interest. 84 
LONG-TERM SAFETY ISSUES
Due to the recent nature of Treg cell therapy trials in transplant, only short-term issues can be initially identified. However, it is the long-term safety issues classically associated with mainstream immunosuppressive drugs such as opportunistic infections, malignancies and chronic allograft dysfunction that need to be closely monitored for too. In addition, there may also be other Tregspecific safety issues uncovered of which we are currently unaware. These issues require the implementation of regular clinical follow-up, immunomonitoring and broader pharmacovigilance (potentially via a cell therapy registry). In the meantime, considering the pre-experimental data involving Treg cells, there may be particular Tregspecific safety issues that we can at least pre-empt.
Treg cell plasticity
The potential for Treg cells to adopt a Th17-like effector cell phenotype and function in an inflammatory microenvironment is a critical safety concern. This is because Th17 cells are elevated in patients with acute and chronic allograft rejection and, thus, may contribute towards an exacerbation of both conditions. 87, 88 This is supported by murine data demonstrating Th17 cells as key players in the promotion of allograft rejection. 89, 90 Treg cells when stimulated in the presence of pro-inflammatory cytokines such as IL-1, IL-2, IL-15, IL-21 and IL-23 alongside allogeneic monocytes can upregulate the Th17 lineage transcription factor, retinoic-acid-receptor-related orphan receptor gamma, and secrete IL-17. 91 Another pathway involving Treg-Th17 cross-talk lies in the fact that both originate from na€ ıve CD4 + cells in the first place. 92 However, their subsequent differentiation pathway is determined by the presence of TGF-b without IL-6 (for Tregs) or with IL-6 (for Th17) in the microenvironment, respectively. 92 This potential of the microenvironment to convert Treg cells into rejection-propagating Th17 cells could dictate the time point at which to infuse Treg cells. In theory, Treg cell therapy could be provided proactively (i.e. before patients develop rejection) or reactively (i.e. given to patients with diagnosed acute or chronic rejection). However, it is unknown as to whether Treg cells can induce tolerance in a microenvironment already infiltrated by Teffs. In one murine study, it was shown that Treg cells can prevent the initial activation of only resting Teffs. 93 However, in a different study involving RAG knockout mice, the adoptive transfer of Treg cells was unable to prevent the onset of autoimmunity in those mice that had previously been administered Teffs. 94 Moreover, Teffs can be resistant to the direct effects of Treg cells. 94 If these findings were directly translated into the clinic, it would mean providing Treg cell therapy proactively to prevent the onset of rejection in the first place. However, even then the question would be how to stratify patients.
Bystander suppression
A potential problem with Treg cell therapy could arise as Treg cells once activated can perform their suppressive function in a non-antigenspecific manner. 95 This effect known as 'bystander suppression' was identified in transgenic murine models whereby antigen-specific CD4 +
CD25
+ T cells initially required contact with a complementary epitope for TCR-mediated activation. 95 However, upon being activated these cells were able to suppress effector CD4 + T cells specific for third-party antigens too. This effect has also been demonstrated in an in vivo murine model of allogenic skin transplant. 96 If indeed this phenomenon is replicated in our patients too, there could be implications with regard to modulating antigen-specific rejection whilst maintaining immunity towards pathogens and potential tumoral neoepitopes.
FUTURE PERSPECTIVES
In the end, the discussions concerning Treg heterogeneity are to aid the development of clinically safe protocols in which Treg cells can be manipulated and manufactured. To this day, two main approaches could facilitate this in humans: in vivo expansion of Treg cells and ex vivo Treg expansion under GMP conditions. 10, 26, 67, 71 The former approach has been the subject of clinical trials involving low-dose IL-2 in the transplant setting (e.g. NCT02739412, NCT02949492, NCT02417870). However, the majority of centres are focussing on ex vivo Treg expansion instead. Comparing data from both these approaches will be critical in identifying the optimal method of exploiting Tregs clinically.
A further critical question going forward will be immunosuppression management in Treg cell therapy trials. Depending on the transplant centre protocol, different patients currently are subject to different immunosuppression regimes (e.g. steroid-sparing, deferring the introduction of calcineurin inhibitors) with differing doses. It is important to take these immunosuppressive agents into account when designing trials as concurrent immunosuppression can modulate Treg cell survival and function. This aspect has been comprehensively discussed previously by Furukawa et al.
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Another unaddressed issue is whether genetic modification of Treg cells could augment their in vivo modulation of graft rejection. A full discussion of genetic modification has been beyond the scope of this review; however, we reference here some key articles from teams that have developed FOXP3-overexpressing Tregs, T-cellreceptor-transgenic, TCR-Tg Treg, and chimericantigen-receptor-specific, CAR-Tregs. 38, 79, 98 With regard to Treg heterogeneity, although novel technologies may facilitate deeper comprehension of Treg cells and their subsets, the adoption of these technologies for routine clinical use is impractical and financially unviable. Hence, the key question is, how deep do we need to go? It may be that we only utilise novel and expensive technologies for pre-clinical experiments to identify and validate the Treg program for optimal in vivo activity. These data could then be reverse engineered and adapted to clinically available assays to facilitate use in larger multi-centre trials.
With all these in mind, there are numerous questions regarding cell product composition and transplant protocols ( Table 2 ) that require addressing if the field of Treg cell therapy in SOT is to progress.
The data we glean from first-in-man clinical trials and pre-clinical studies will help answer the critical known unknowns (Table 2) . 19 However, we recognise that the novel nature of Treg cells means that there are numerous other unknown unknowns that we will only begin to realise in the coming years. Moreover, it will only be through multi-centre collaborations that we can address a range of these new aspects of translational Treg cell biology. Indeed, there has never been a more exciting time to be involved in the field of Treg cell therapies in transplantation. The successful translation of Treg cell therapies could transform the lives of our transplant patients. • Is an international patient registry feasible?
